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Summary  With  an  aim  to  improve  the  mechanical  properties  of  a  weld  joint,  a  new  concept
of vibratory  setup  has  been  designed  which  is  capable  to  stir  the  molten  weld  pool  before
it solidiﬁes  during  shielded  metal  arc  welding  (SMAW)  operation.  Mechanical  vibration  having
resonance frequency  of  300  Hz  and  amplitude  of  0.5  mm  was  transferred  to  the  molten  weld  pool
of 6  mm  thick  mild  steel  butt-welded  joints  during  the  welding  operation.  The  experimental
work was  conducted  at  various  ranges  of  frequencies,  welding  current  and  welding  speed.
Taguchi’s analysis  technique  has  been  applied  to  optimize  the  process  parameters;  the  response
values for  analysis  are  yield  strength  and  micro-hardness.  The  test  results  showed  that  with  the
application  of  the  vibratory  treatment  the  values  of  hardness  and  tensile  properties  increased.
The auxiliary  vibrations  induced  into  the  weld  pool  resulted  in  increased  micro-hardness  of  the
weld metal  which  indicates  the  orientation  of  the  crystal  and  reﬁnement  of  grains  took  place.
This study  shows  that  vibration  applied  into  the  weld  pool  can  be  successfully  improved  the
mechanical properties  of  welded  joints.  Thus  this  research  attempt  provided  an  alternative
welding technique  for  grain  reﬁnement  of  weldments.
© 2016  Published  by  Elsevier  GmbH.  This  is  an  open  access  article  under  the  CC  BY-NC-ND  license
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IntroductionVibration  techniques  to  improve  the  mechanical  properties
of  weld  structure  have  been  introduced  from  for  many  years.
 This article belongs to the special issue on Engineering and Mate-
rial Sciences.
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rom  the  various  proposals  it  is  reported  that  grain  reﬁne-
ent  is  caused  by  dendrite  fragmentation  (Mostafapour
nd  Gholizadeh,  2014;  Qinghua  et  al.,  2007).  To  date,
ibration  can  be  used  as  external  energy  input  during
he  welding  operation  to  improve  the  mechanical  prop-
rty  of  the  particular  welded  structure.  Many  authors  used
 vibratory  table  to  introduced  vibrations  during  welding
peration  to  improve  the  metallographic  properties  of  the
eld  joints.  Application  of  electromagnetic  ﬁeld,  ultrasound
nd  ultrasonic  vibrations  also  has  been  applied  during  weld-
ng  operations  (Mostafapour  and  Gholizadeh,  2014;  Qinghua
icle under the CC BY-NC-ND license (http://creativecommons.org/
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fFigure  1  Schematic  blo
t  al.,  2007;  Tiwari  and  Shanker,  1993;  Cui  and  CL,  2006;
ei  et  al.,  2011;  Dehmolaei  et  al.,  2008).  Vibratory  welding
echnique  is  a  process  to  transfer  the  energy  into  the  weld
ool  during  the  welding  operation  by  application  of  some
xternal  auxiliary  mechanisms.
In  this  study  such  a  vibratory  setup  has  been  designed
hich  is  capable  to  stir  the  molten  pool  by  transferring  cer-
ain  amount  of  frequency  in  to  the  weld  pool  during  the
hielded  metal  arc  welding  process.  The  workpiece  is  ﬁxed
n  the  worktable  and  vibratory  setup  transfers  the  vibration
n  to  the  weld  pool.  Due  to  this  fact,  stirring  the  molten  pool
f  the  weld  zone  during  welding  could  lead  to  signiﬁcant
lterations  in  the  microstructure  and  mechanical  proper-
ies.  This  experimentation  is  an  optimization  of  vibratory
elding  technique  of  6  mm  thick  welded  mild  steel  plates
nder  the  various  input  parameters  and  the  responses  are
ield  strength  and  hardness  of  the  particular  welded  joints.
aguchi’s  technique  has  been  applied  to  ﬁnd  out  the  opti-
um  levels  of  welding  current,  welding  speed  and  frequency
or  shielded  metal  arc  welding  of  mild  steel  butt  weld.  The
nvestigation  aims  to  maximise  the  yield  strength  and  hard-
ess  of  the  butt-welded  joints,  so  larger  is  better  criteria
as  been  selected  to  investigate  the  S/N  ratio.
xperimental details
hielded  metal  arc  welding  (SMAW)  operation  has  been  used
or  butt  joint  of  mild  steel  plates  of  size  200  ×  100  ×  6  mm3.
he  ﬁller  metal  (E-3106)  has  been  used  as  an  electrode  for
MAW  process.  Since  the  cooling  rate  of  the  weld  pool  is  very
ast  so  we  have  designed  such  an  arrangement  so  that  the
ibratory  setup  can  shake  the  liquid  form  of  weld  pool  before
t  solidiﬁes.  The  vibratory  setup  works  on  the  principle  of
otation  of  unbalanced  motor,  it  has  a  small  motor  with  an
ffset  weight  on  its  drive  shaft.  When  the  device  is  switched
n  it  results  into  a  rotational  movement  of  the  object  weight
hat  causes  resonance.  Fig.  1  is  showing  the  schematic  modal
f  a  vibratory  setup.  A  9  V  rechargeable  battery  used  as  a
ower  supply  for  the  vibratory  setup,  with  an  accelerometer,
ata  acquisition  and  signal  analysis  the  vibration  frequency
f  this  vibratory  setup  was  determined.  This  setup  produced
w
0
tagram  of  vibration  setup.
 peak  mechanical  pulse  of  frequency  300  Hz  approximately
ith  low  amplitude  of  0.5  mm.  As  compare  to  other  vibra-
ory  welding  techniques,  this  setup  has  less  investment,
ore  convenient  operation,  shorter  manufacturing  period
nd  transferring  maximum  amount  of  energy  in  to  the  weld
ool  with  less  consumption  of  power  input.
A  set  of  nine  experiments  have  been  designed  by  Taguchi
ethod.  The  experiments  were  arranged  in  three  levels
f  frequencies  (250,  100  and  80  Hz),  three  levels  of  cur-
ent  (90,  100  and  110  Amp)  and  three  levels  of  speed  (8,
0  and  12  cm/min).  The  suitable  orthogonal  array  describes
he  experiment  plan  on  the  basis  of  degrees  of  freedom.  To
tudy  the  inﬂuence  of  each  parameter  to  the  response  value,
nalysis  of  variance  (ANOVA)  technique  has  been  used.
esult and discussion
he  weld  joints  that  had  been  welded  at  different  level  of
requencies,  current  and  welding  speed  were  mechanically
ested.  Minitab  16-software  has  been  used  to  analyse  the
xperimental  data.  Table  1  describes  the  results  obtained
rom  the  tensile  and  hardness  tests  at  various  welding  con-
itions.  The  interaction  effect  between  welding  parameters
s  not  been  considered.  The  strength  of  the  weld  joint  which
s  generally  expected  to  be  high  is  examined  by  equation  (1)
Deepak  Kumar  et  al.,  2014).
The  micro-hardness  testing  as  carried  out  on  different
elded  specimens.  Fig.  2  and  Table  2  showing  that  the
ost  inﬂuencing  factor  for  the  hardness  property  is  induced
ibration  at  higher  level  of  frequency.  It  has  been  observed
hat  micro-hardness  of  the  weld  metal/zone  was  found  to
ncrease  in  almost  all  the  cases  where  vibratory  conditions
ere  applied.  When  mechanical  vibrations  are  induced  into
he  weld  pool  during  welding,  a  disturbance  is  created  which
ends  to  pose  a  hindrance  to  the  solidifying  dendrites  and
orms  a  new  nucleation  sites  causes  a  ﬁne  grain  structure
orms.The  tensile  specimens  were  prepared  in  accordance
ith  ASTM  E-08  standards.  The  displacement  rate  was
.5  mm/min.  Fig.  3  is  explaining  the  results  obtained  from
he  tensile  test  and  the  most  inﬂuencing  factor  which  affects
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Table  1  Results  obtained  from  hardness  and  tensile  tests  with  their  calculated  S/N  ratios.
Experiment
no.
Welding
current
(Amp)
Welding
speed
(cm/min)
Frequency
(Hz)
Hardness
(VHN)
S/N  ratio  for
hardness
YS (Mpa)  S/N  ratio
for  YS
1  90  8  80  185.00  45.3434  243.30  47.7228
2 90  10  100  215.00  46.6488  270.00  48.6273
3 90  12  250  240.00  47.6042  287.00  49.1576
4 100  8  100  225.00  47.0437  272.00  48.6914
5 100  10  250  243.00  47.7121  292.33  49.3175
6 100  12  80  200.00  46.0206  245.25  47.7922
7 110  8  250  240.54  47.6237  300.32  49.5517
8 110  10  80  200.45  46.0401  250.00  47.9588
9 110  12  100  235.00  47.4214  280.00  48.9432
Table  2  Concluded  results  from  Taguchi’s  experiment  and  description  of  most  signiﬁcant  value  by  ANOVA.
Responses/Input
parameters
Current  (Amp)  Welding  speed
(cm/min)
Frequency
(HZ)
ANOVA  result  (%  contribution  of  most
signiﬁcant  factor)
Hardness  110  12  250*  Frequency  with  90%
Yield strength  110  8  250*  Frequency  with  95%
Note: - ‘*’ mark showing the most signiﬁcant factor for particular response.
F
W
e
s
CFigure  2  Main  effect  plot  of  S/N  ratio  of  hardness.
the  yield  property  of  the  welded  joint.  The  yield  strength  of
the  welded  joint  is  maximum  when  current  is  at  110  Amp,
welding  speed  at  8  cm/min  and  the  induced  vibration  at  fre-
quency  of  250  Hz.  When  the  welding  current  is  high  and
the  welding  speed  is  low  then  the  metal  deposition  rate
increases,  the  mentioned  condition  of  the  weld  geometry
leads  to  enhancement  of  the  tensile  property  of  the  welded
structure.  We  have  found  an  interesting  outcome  from  the
results  that  when  the  applied  frequency  of  the  vibration
increases  its  yield  strength  also  increases.  This  improvement
in  yield  strength  for  vibratory  weld  specimen  attributed  to
the  favourable  microstructural  changes  that  impeded  grain
growth,  resulting  in  relatively  shorter  dendrites  in  the  weld
pool.
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pigure  3  Main  effect  plot  of  S/N  ratio  of  yield  strength.
S
N
=  −10  log
(
1
n
n∑
i=1
y2i
)
(1)
here  n  =  number  of  measurements;  yi =  response  value  for
ach  noise  factor. i =  number  of  design  parameters  in  this
tudy  OA  has  nine  experiments  (L9).
onclusionst  has  been  shown  in  this  work  that  vibration  applied  into
he  weld  pool  can  be  successfully  enhanced  the  mechani-
al  properties  of  welded  joints.  Thus  this  research  attempt
rovided  an  alternative  for  grain  reﬁnement  of  weldments.
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The  auxiliary  vibrations  induced  into  the  weld  pool
esulted  in  increased  micro-hardness  and  the  yield  strength
f  the  welded  joints  which  indicates  the  orientation  of  the
rystal  and  reﬁnement  of  grains  took  place.
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